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Role of oxygen in the zonation of carbohydrate metabolism and gene
expression in liver. Hepatocytes around the afferent (periportal) vessels
differ from those around the efferent (perivenous) vessels in their contents
of key enzymes, and therefore have different metabolic capacities. Thus,
the model of "metabolic zonation" proposes that the periportal cells
produce glucose via glycogenolysis and gluconeogenesis and that the
perivenous cells utilize glucose via glycogen synthesis and glycolysis. The
periportal and perivenous cells receive different signal patterns, because
substrates including oxygen and hormones are degraded and products and
mediators arc formed during passage of blood through the liver. The
different signal patterns should be important for both short-term regula-
tion of metabolic rates and for long-term induction and maintenance of
the enzyme equipments by control of gene expression. From the periportal
to the perivenous zone, the concentration of the signal oxygen falls
corresponding to a drop from about 13 (arterial) to 9 (mixed periportal)
and then to 4 (hepatovenous) volume% gas atmosphere. For short-term
regulation of metabolism, in perivenous-like cells net glucose production
measured over a period of two hours was observed below 2%, net glycogen
synthesis above 4%, and net lactate utilization above 6% oxygen. In
periportal-like cells net glucose formation and net lactate utilization
increased sharply from anoxia to 6% oxygen and then only moderately.
For long-term regulation of gene expression, the glucagon (cAMP)-
dependent activation of the PCK gene was modulated by oxygen. The
transcriptional rate, the abundance of mRNA and the enzyme activity
were increased to higher levels under arterial rather than under venous
oxygen. Conversely, the insulin-dependent activation of the glueokinase
gene was negatively modulated by oxygen. A heme protein appeared to be
involved in oxygen sensing, since CO mimicked the effects of oxygen mi
the PCK gene. Hydrogen peroxide was produced by hepatocytes as a
function of oxygen tension; exogenously added, it mimicked the effects of
oxygen on PCK gene induction. Therefore, the heme protein containing
an oxygen sensor could be a peroxide producing oxidase. It is not known
at present whether the same oxygen sensor is also involved in the
short-term regulation by oxygen of hepatie carbohydrate metabolism.
Transfection of PCK promoter-CAT gene constructs into primary hepa-
tocytes showed that oxygen modulated PCK gene activation in the region
of —2771+ 73. This modulation was not mediated by isolated cAMP
responsive elements.
The liver has a multitude of functions. It is a center of
metabolism, a center of defence, a control station of the hormonal
system and a blood reservoir [1—3]. A major, if not the major
function of the liver is to serve as a glucose store. The liver
releases glucose in between meals when it is needed by the brain,
the erythrocytes or the working muscles. It takes up glucose after
normal carbohydrate-rich meals when it is offered in excess of the
actual demands. This glueostat function of the liver is controlled
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by a complex nervous-humoral network [3—5]. Glucagon, circulat-
ing adrenaline and noradrenaline, as well as the sympathetic liver
nerves stimulate glucose output, while insulin and the parasym-
pathetic liver nerves stimulate glucose uptake. Moreover, glucose
output and uptake are also controlled by the circulating concen-
trations of glucose, lactate, and last but not least, oxygen. The
parenchymal cells, the hepatocytes proper, rather than the non-
parenchymal cells operate as glucose storing cells. The periportal
cells around the afferent vessels and the perivenous (or pcricen-
tral or centrilobular) cells around the efferent vessels differ
substantially in their enzyme equipments and thus in their meta-
bolic capacities (Fig. 1) [1—3, 6—10]. For more than 100 years it
had been known that glycogen, depending on the situation, was
heterogeneously distributed over the parenchyma [11, 12]. Early
examples of a heterogenous distribution of key enzymes were the
predominantly periportal localization of succinate dehydrogenase
(SDH) [13] and glucose 6-phosphatase (G6Pase) [14]. Oxygen
appears to play a major role besides the hormonal and nervous
system both in the short-term regulation of the metabolic path-
ways responsible for glucose release or glucose uptake and in the
long-term induction and maintenance of the zonal differences in
the cellular content of carbohydrate metabolizing enzymes.
Methods
Enzyme distribution was studied in native cryostat sections of
rat livers by standard histochemical and immunohistochemical
techniques as well as by microbiochemical analysis of mierodis-
sected lyophilized liver sections [7]. Metabolic rates were deter-
mined in rat livers perfused via the portal vein [15] and in primary
rat hepatocyte cultures [16—18] using biochemical and radiochem-
ical methods. The distribution of enzyme mRNA was demon-
strated in native cryostat or paraffin-embedded sections by in situ
hybridization using S- or digoxigenin-labcled antisense RNA
probes [19—22]. In primary rat hepatocyte cultures transcriptional
rates were measured by nuclear run off, mRNA abundances by
Northern analysis and enzyme activities by standard methods
[23—25]. Gene constructs with the chloramphenicol acetyltrans-
ferase (CAT) were transfected into cultured rat hepatocytes using
cationic liposomes (DOTAP) as described by the manufacturer.
Results and discussion
Zonation of enzymes
The early observation that glucose 6-phosphatase [14] was
predominantly localized in the periportal zone allowed the hy-
pothesis that the hepatocytes in that zone should be glucose
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Fig. 1. Zonation of metabolism (general
scheme). The predominant zonal localization
of the major metabolic capacities of the
liver based on enzyme distribution are
shown in relation to the blood supply of the
organ. Hepatic-arterial blood, rich in
oxygen, mixes with portal-venous blood,
drained from the intestine and less rich in
oxygen, either at a presinusoidal site or at a
proximal intrasinusoidal site in the afferent
or periportal zone of the tissue. The mixed
blood flows through the sinusoids and leaves
the tissue in the efferent or perivenous
(pericentral, centrilobular) zone via the
central vein to the hepatic vein (cf. Fig. 3).
Abbreviations are: CT, celiac trunk; HA,
hepatic artery; HV, hepatic vein; IVC,
inferior vena cava; PV, portal vein; SMA,
superior mesenteric artery; pp, periportal;
pv, perivenous.
forming cells and that, conversely, the hepatocytes in the
perivenous zone should be glucose utilizing cells [26]. Therefore,
the distribution of the activities of the glucogenic enzymes phos-
phoenolpyruvate carboxykinase (PCK), fructose bisphosphatase
(FBPase) and glucose 6-phosphatase (G6Pase) and of the glucose
utilizing enzymes, glucokinase (GK) and pyruvate kinase type L
(PKL), were measured by microbiochemical techniques in lyoph-
ilized microdissected rat liver tissue [1, 2, 7, 9]. As predicted by the
hypothesis PCK, FBPase and G6Pase were found to have two- to
fourfold higher activities in the periportal zone and, conversely,
GK and PKL had 2.5- to threefold higher activities in the
perivenous zone (Fig. 2). Not only the activities, but also the
protein levels of the glucose forming and glucose utilizing en-
zymes were heterogenously distributed as demonstratec by immu-
nohistochemical techniques [1, 2, 7, 9]. Apparently, the periportal
cells have the higher capacity for glucose output, while the
perivenous cells have the higher capacity for glucose uptake.
These observations constituted the basis of the model of "meta-
bolic zonation," which was later extended to include other major
pathways. The capacity for oxidative energy metabolism, urea
synthesis, bile formation and cell protection is higher in the
periportal area; the capacity for glutamine formation and xeno-
biotic metabolism is higher in the perivenous area (Fig. 1) [1, 2,
6—101.
Zonation of signal input and transmission
Circulating substrates including oxygen and products, hor-
mones, nerves and intrahepatically formed mediators as well as
the hiomatrix are the signals controlling the functions of paren-
chymal and nonparenchymal cells. With the exception of sub-
strates and products, the signals are transmitted via receptors.
Periportal to perivenous concentration gradients of substrates and
hormones, for example, are formed because of metabolism in the
liver. Thus, the signal patterns for the periportal and the
perivenous cells are quite different (Fig. 3). While the zonal
concentration gradients of most major carbon substrates, such as
glucose or amino acids, are rather shallow, the gradient of oxygen
is clearly steeper and the gradients of ammonia and bile acids are
substantial, falling from the periportal to the perivenous zones by
about 50% (70 mm Hg —s 35 mm Hg 90 J.LM —+ 45 M) and by
about 85%, respectively [1, 2, 7, 91. With the major hormones, the
sinusoidal concentrations of glucagon, noradrenaline and cortisol
are lowered by about 50%, that of adrenaline by about 80%. The
insulin level is decreased by about 50% between meals, but only by
15% after meals. Therefore, the ratio of insulin versus its antag-
onists glucagon plus catecholamines increases from the periportal
zone to the perivenous zone, especially after a meal [1, 2, 7, 9].
Sympathetic and parasympathetic nerves reach the liver as a
ramification around the hepatic artery and the portal vein. In rat
and mouse, only a few sympathetic nerves terminate in the
periportal zone, from where the nerve signals appear to be
propagated via gap junctions to more distal hepatocytes. Also, the
composition of the biomatrix changes from the periportal zone to
the perivenous zone [1, 2, 7,9]. So far, the zonal distribution of the
receptors for insulin, glucagon or catecholamines is not known.
The glucagon-activated adenylate cyclase and the cGMP-acti-
vated cAMP phosphodiesterase appear not to be zonated. The
small gap junction protein, connexin 26, was found only in the
periportal area, while the large gap junction protein, connexin 32,
was equally distributed [1, 2, 7, 9].
Zonation of metabolism: Short-term regulation by oxygen
Numerous studies with different techniques have led to the
concept that during the absorptive phase, glucose passes by the
periportal hepatocytes and is taken up by the perivenous cells and
is converted there to glycogen. When the glycogen stores have
been widely refilled, glucose is degraded to lactate, which then
leaves the liver and reaches the periportal cells via the circulation.
There, lactate is taken up and converted via gluconeogenesis to
glycogen. In the postabsorptive phase, glycogen is first degraded
to glucose in the periportal zone. Later it is degraded mainly to
lactate in the perivenous area. Lactate then is released into the
circulation and transported to the periportal area, where it is
channeled into gluconeogenesis (Fig. 4).
This metabolic scheme is supported by studies with periportal-
and perivenous-like hepatocyte cultures (16—18] (ef. below), with
hepatocytes enriched in periportal or perivenous cells prepared by
the digitonin-collagenase method [27, 28] and, most directly, with
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Fig. 2. Zonation of enzymes and subcellular structures involved in oxidative energy and carbohydrate metabolism. The distribution of enzymes was
determined by microbiochemical techniques in microdissectcd liver tissue. The mitochondrial volume was quantified in electron microscopical
morphometric studies ]l, 2, 7, 91. Abbreviations are: FBPase, fructose 1,6-hisphosphatase; GK, glucokinase; G6Pase, glucose 6-phosphatase; HK,
hexokinase; PCK, phosphoenolpyruvate carboxykinase; PK(LM), pyruvate kinase(Iivcr,yp nsdc.type); SDH, succinate dehydrogenase; si(to)MTTv, single(total) mitochondrial volume.
ortho- and retrograde liver perfusions [29, 30] (cf. below). The
scheme is in line with the so-called glucose paradox, that is, the
finding that pyruvate via the indirect pathway rather than glucose
via the direct pathway is the major substrate for the formation of
glycogen in liver, in contrast to muscle [31]. The model explains
the observation that glycogen degradation starts in the periportal
zone and ends in the perivenous area and that, conversely,
glycogen stores are replenished starting in the perivenous and
ending in the periportal areas [32]. The scheme is also in accord
with thermodynamic considerations [1, 2, 7, 9]. Gluconcogenesis
as an endergonic process should he linked to oxidative energy
metabolism and therefore be localized in the more aerobic
periportal zone, which has the higher capacity for oxidative energy
conservation. Glycolysis as an exergonic process does not have to
be coupled to oxidative energy metabolism and could therefore he
localized in the less aerobic perivenous zone, which has the lower
capacity for oxidative energy conservation.
Modulation by oxygen of glycogen synthesis in perfused livers.
Livers of 24-hour fasted rats, which were essentially free of
glycogen, were perfused in a non-recirculating manner in the
orthograde or in the retrograde direction with Krebs-Henseleit
buffers, which contained either glucose or the gluconeogenic
substrates lactate, pyruvate and glutamine or glucose plus the
gluconeogenic substrates, and were equlibrated with 95% 02 and
5% CU2, so that the free 02 concentration was 900 p.M [29]. Since
the flow rate was 5 ml >< min X g liver1, that is, two- to
threefold higher than physiologically normal, the 02 delivery was
approximately 4.5 p.mol X mm 1 g liver ', that is, about one
fourth to one fifth of the physiological level. Yet, this 02 supply
was generally considered sufficient for an adequate oxygenation of
HA= °2 Gic Ins Ogn Adr
HV PV 02 GIc Ins Ggn Adr
pv pp
the organ, since °2 uptake was about 2.6 xmol X min' X g
liver1, that is, almost physiological [15, 29, 30, 33]. Glycogen
formation was determined biochemically and histochemically
(Table 1).
With glucose as the only exogenous substrate glycogen was
formed exclusively in the perivenous zone during both orthograde
and retrograde perfusion as predicted by the model (Fig. 4). With
the gluconeogenic precursors as the exogenous substrates glyco-
gen was deposited in the periportal zone during orthograde
perfusion in accord with the model, but only in the distal rather
than the total area of the periportal zone during retrograde
perfusion. Apparently, the proximal periportal zone, which is the
very downstream area in retrograde perfusions, was not oxygen-
ated well enough to allow glycogen synthesis from the gluconeo-
genie substrates. With both glucose and the gluconeogenic pre-
cursors as exogenous substrates, glycogen was synthesized only in
the periportal zone during orthograde and only in the perivenous
zone during retrograde perfusions, that is, in the upstream area.
Again, the downstream area in either direction appeared not to be
well oxygenated enough to allow glycogen synthesis. This expla-
nation was shown to be correct in perfusion studies with media,
which besides the carbon substrates contained erythrocytes (20%
vol/vol) and were equilibrated with 13% 02, 82% N2 and 5% C02,
that is, physiological 02 tension, so that the free 02 concentration
was 130 jIM. At physiological flow rates of 2 ml X min1 X g
liver' these media allowed an 02 delivery of 12 jImol X min
x g liver1; this was still somewhat hypophysiological, hut also
allowed a physiological 02 uptake of 3 jxmol X min1 X g liver
[15] and glycogen synthesis in the downstream areas [30].
These perfusion studies confirm that glycogen is formed from
pyruvate in the periportal zone and form glucose in the
perivenous zone (Table I and Fig. 4), show that glycogen synthesis
is dependent on oxygen (cf. below), and that an adequate oxygen-
ation of the perfused rat liver is not possible with erythrocyte-free
buffers even at hyperphysiological flow rates and equilibration
with clearly hyperphysiological °2 tensions.
B
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Fig. 3. Zonation of signal input. During the passage of blood through the sinusoids (A) concentration gradients of oxygen, substrates, products (B) as
well as hormones and mediators (C) arc established due to metabolism. These concentration gradients in cooperation with innervation density gradients
(very steep in rat and mouse) (D) and biomatrix gradients (E) play a key role in the short-term zonal regulation of metabolism and in the long-term
generation and maintenance of the zonatiun of enzymes and other proteins. The hiomatrix gradients are illustrated schematically; they have not yet been
quantified. Abbreviations arc: HA, hepatic artery; HV, hepatic vein; PV, portal vein; pp, periportal; pv, perivenous; Adr, adrenaline; Ggn, glucagon;
Gic, glucose; Ins, insulin.
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Fig. 4. Zonation of carbohydrate metabolism (metabolic fluxes). Metaho-
lites are: Ala, alaninc; G6P, glucose 6-phosphate; Gg, glycogen; Gle,
glucose; Lac, lactate; Pyr, pyruvate. Enzymes are shown only in the zones
where they are predominantly expressed: FBPasc, fructose 1,6-bisphos-
phatase; G6Pasc, glucose 6-phosphatase; OK, glucokinase; PCK, phos-
phoenolpyruvate carhoxykinase; PKL, pyruvate kinase type L.
Modulation by oxygen of glycogen metabolism, glycolysis and
gluconeogenesis in hepatocyte cultures. It has been well docu-
mented that in perfused livers glucose and lactate output were
clearly increased by switching from aerobic (95% 02) to anoxic
(95% N2) conditions, and with increasing hypoxia generated by
varying either the hematocrit values or the perfusion flow rate
[171. In perfused livers the short-term metabolic effects of differ-
ent oxygen concentrations cannot he clearly defined, since the
oxygen tcnsion decreases considerably from the periportal zone to
the perivenous zone. Therefore, the problem was studied in
primary cultures of hepatocytes, which allowed to supply all cells
with a defined oxygen concentration (Fig. 5) [17]. Hepatocytes
resembling the periportal or perivenous type with respect to their
equipment with carbohydrate metabolizing enzymes were ob-
tained after 48 hours of culture with glucagon or insulin, respec-
tively, as the major hormone. Then, during the next two hours
metabolic rates were determined with 5 mivi glucose, 2 m lactate
Glucose +++
+
lactate (Ole is a substrate,
Lae is not a substrate)
(Gle is not a substrate)
+++
(Lac is a (Lac is a
substrate) substrate,
but there is
an 02
deficit)
Essentially glycogen-free livers from 24-hour fasted rats were perfused
at a flow rate of 4 ml >< min' X g liver1 in the orthogradedirection via
the portal vein or in the retrograde direction via the hepatie vein with
Krebs-Henseleit buffer, which contained (as indicated) 30 mM glucose or
2mM lactate, 0.2 mvi pyruvate plus 2 mat glutamine or both, and which was
equilibrated with 95% 02 and 5% CO2. Glycogcn was demonstrated by
standard histochemical techniques. Symbols are: + + +, glycogen forma-
tion; —, no glycogen formation. The explanation for the formation or lack
of formation of glycogen is given in parentheses. Abbreviations are: Ole,
glucose; Lac, lactate, pyruvate, glutaminc. For details, see [29, 301.
or endogenous glycogen as substrates at different 02 concentra-
tions varying from 0% to 20% (vol/vol), with 4% to 6% repre-
senting perivenous and 9 to 13% periportal tensions. Under
identical conditions either glucose, lactate or glycogen were
[1 4C1-Iabcled.
CO2 formation increased up to 6% 02 and then stayed essen-
tially constant. It was similar in periportal-like and perivenous-like
cells, in line with a recent study showing a similar oxygen uptake
of the periportal and perivenous zone in livers of anesthetized rats
(Fig. 5) [34]. Net glycogen synthesis was observed above, and net
glycogen degradation below 4% 02 in perivenous-like cells, In
periportal-like cells, which due to the hormonal conditions nec-
essary for their generation had a very low glycogen content, net
glycogen metabolism was very small. Net glucose output increased
below and net glucose uptake increased above 2% 02 and stayed
constant above 4% 02 in perivenous-like cells. Net glucose output
clearly increased up to 6% 02 and then more moderately in
periportal-like cells. Net lactate formation occurred below and net
lactate utilization above 6% 02 in perivenous-like cells. Net
lactate utilization increased sharply up to 6% 02 and then only
slightly in periportal-like cells (Fig. 5). Net flow in the glycolytic
Absorptive phase
Food
GIc1 GIc
Table 1. Zonation of glycogen synthesis in perfused rat liver, Influence
of oxygen
Substrate
Glycogen
Perivenous Periportal
Orthogradc
flow
Glucose
Lactate
Glucose
+
(Gte is a substrate)
(Lac is not a substrate)
'Gg .4—G6P
+
I PCK
(Ole is not a substrate)
+++
(Lae is a substrate)
+++
(Ole is not, hut Lac is a
substrate)
Circulation
Lac
GIc
Postabsorptive phase
lactate (Ole is a substrate, hut
there is an 02 deficit;
Lac is not a substrate)
Retrograde
flow
Glucose + + +
(Ole is a substrate)
Lactate —
(Lac is not a substrate)
Gic
Ole is not and Lac is a
substrate, but there is an
02 deficit)
a .9-4
Ca ca
'— No -
o D
-Q
—
a)
E
a)z
direction from glucose 6-phosphate to pyruvate decreased with
oxygen tension in the perivenous-like cells, and conversely, net
flow from pyruvate to glucose 6-phosphate increased with oxygen
tension in the periportal-like cells. Most interestingly, the percent-
age of "futile" cycling decreased in the perivenous-like cells with
decreasing and in the periportal-like cells with increasing oxygen
tension (Fig. 5).
Conclusion. Modulation of metabolism by oxygen accentuates
the differences between the periportal and the perivenous cells,
each of which operates with higher efficiency, that is, less "futile"
cycling, at its physiological 02 tension. It is not known at present
how the cells sense the 02 tension for short-term metabolic
regulation. Perhaps similar heme protein 02 sensors are operative
as with the long-term regulation of gene expression (cf. below).
Zonation of gene expression: Long-term regulation by oxygen
Control sites of zonal gene expression. All liver cells, parenchymal
and nonparenchymal, have the same genome. The periportal!
perivenous differences in the expression pattern of the major
metabolic enzyme genes could be caused by the heterogeneity in
the input and transmission of signals such as substrates including
oxygen, hormones and nerves and in cell-to-cell or cell-to-bioma-
trix interactions (Fig. 3). Gene expression can be regulated at the
level of transcription and post-transcriptional processing, mRNA
degradation, translation and post-translational modification and
protein degradation. The same zonal distribution of an mRNA
and its encoded protein would show that the expression of a gene
is primarily controlled at a pretranslational site. An unequal
distribution would indicate that the regulation occurs mainly at a
translational or post-translational site. The mRNA of the rate-
generating enzyme of gluconeogenesis, phosphoenolpyruvate car-
boxykinase (PCK), and of another gluconeogenic enzyme, fruc-
tose 1,6-bisphosphatase (FBPase), were shown by in situ
hybridization to be predominantly located in the periportal zone
during the daily feeding rhythm and during a starvation-refeeding
cycle, as were the enzyme proteins and activities (Fig. 6) [19, 20,
22]. In contrast, the mRNA of the rate-generating enzymes of
glucoe utilization, glucokinase (GK) and pyruvate kinase type L
(PK5), appeared to he homogeneously distributed over the liver
tissue during the normal feeding rhythm [21, 35], in contrast to the
enzyme activities and amounts, which were mainly found in the
perivenous zone [1, 2, 6—10]. However, during refeeding after two
days of starvation GK mRNA was predominantly expressed in the
perivenous zone like the enzyme [21]. Thus, during the normal
feeding rhythm the zonal expression of the glucose producing
enzymes PCK and FBPase were mainly controlled at a pretrans-
lational level but that of the glucose utilizing enzymes GK and
PKL at a co. or post-translational level. During more extreme
conditions, like refeeding after starvation, the zonal expression of
GK was also effected mainly at a pretranslational site like that of
PCK and FBPase. A mainly pretranslational control site was also
found for the zonal expression of key enzymes of amino acid and
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Fig. 5. Glycogen, glucose and lactate metabolism and the glucose 6-phosphate/pyruvate 'futile'cycle in cultured rat hepatocytes under different oxygen tensions(net rates). Hepatocytes resembling the periportal or the perivenous type were obtained after 48 hours culture with glucagon or insulin, respectively, as
the major hormones. They are referred to as periportal (pp)-like or perivenous (pv)-like, respectively. Under identical conditions either glucose, lactate
or glycogen were ['4C]-labeled. The metabolic rates of the two cell types were then measured radiochemically between 48 hours and 50 hours under
different oxygen tensions. Standard physiological substrate concentrations of 5 mt glucose, 2 mrvi lactate and endogenous glycogen were used. Net
glycogen metabolism was the difference between glycogen breakdown to glucose, lactate and CO2 and glycogen synthesis from glucose and lactate. Net
glucose metabolism was the difference between glucose conversion to glycogen (•), lactate (•) and CO2 (V) and glucose (A) formation from glycogen
and lactate. Net lactate metabolism was the difference between lactate conversion to glycogen, glucose and CO2 and lactate formation from glycogen
and glucose. The conversion of glucose plus glycogen to lactate and CO2 and the formation of glucose plus glycogen from lactate indicated the fluxes
between glucose 6-phosphate and pyruvate (glycolysis) and vice versa (gluconeogenesis), respectively. The extent of cycling is expressed as percentage
of the lower to the higher flux rate. Abbreviations are: G6P, glucose 6-phosphate; Pyr, pyruvate. (For details see [17]).
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Fig. 6. Distribution of phosphoenolpyruvate carbosykinase (PCK) and fruc-
tose 1,6-bisphosphatase (FBPase) mRNA in rat liver parenchyma. In situ
hybridization was performed in parallel sections with [35S]-labeled PCK
and FBPase antisense RNA probes. PCK mRNA and FBPase mRNA
showed high levels in the periportal zone (high grain density). With sense
RNA probes only non-specific background hybridization was observed
(not shown). Abbreviations are: pp, periportal; pv, perivenous (for details
see [221).
ammonia metabolism, such as tyrosine aminotransferase (TAT),
serine deaminase (SerDH), carbamoylphosphate synthetase
(CPS) and glutamine synthetase (GNS), and of many xenobiotic
metabolizing isozymes of cytochrome P450 (CYP) [1, 2, 9, 10].
Zonal regulation of gene expression by hormones. The mRNA
levels and activities of key carbohydrate metabolizing enzymes in
liver undergo overall daily changes, which are linked to the
feeding rhythm and can be expected to be controlled mainly by the
insulin/glucagon ratio [36]. Glucagon is high during fasting and
low during feeding, while insulin is high during feeding and low
during fasting [5]. Similarly, the gluconeogenic PCK, which is
induced by glucagon, is high with fasting and decreases with
feeding [19, 20]; conversely, the glucose utilizing GK, which is
induced by insulin, increases with feeding and decreases with
fasting [21]. Not only the overall, but also the zonal mRNA and
enzyme levels could be controlled by the insulin/glucagon ratio, if
this would change during the passage of blood through the
sinusoids. This especially appears to be the case during feeding,
when the insulin/glucagon ratio increases along the sinusoids.
Therefore, the periportal cells appear to be mainly regulated by
glucagon and the perivenous cells by insulin. Thus, 'periportal-
like' hepatocytes characterized by a high PCKJGK ratio were
established in 48 hour cultures with glucagon as the main hor-
mone and, conversely, 'perivenous-like' hepatocytes characterized
by a high GK/PCK ratio were obtained with insulin as the main
hormone [16—18). Apparently, glucagon dominates the establish-
ment of a high gluconeogenic capacity in the periportal hepato-
cytes, whereas insulin has a key role in the generation of a high
glucose utilizing capacity in the perivenous zone. However, the
finding that the zonal heterogeneity of PCK expression remained
almost unaltered in diabetic animals [37] indicated that the
gradient in the insulin/glucagon ratio cannot he the only or the
major factor responsible for the zonal expression of carbohydrate
metabolizing key enzymes. Therefore, the gradient in oxygen
concentration, which inevitably exists under all physiological and
pathophysiological conditions, had to he considered as a key
factor.
Zonal regulation of gene expression by oxygen. It was found in
early studies with 48-hour primary rat hepatocyte cultures that
16% 8% 3% 16% 8% 3%
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Fig. 7. Modulation by oxygen of the glucagon.dependent expression of the
phosphoenolpyruvate carboxykinase (PCK) gene and of the insulin-depen-
dent expression of the glucokinase (GK) gene in cultured rat hepatocytes.
Hepatocytes were cultured for 24 hours under standard conditions with an
atmosphere 16% (vol/vol) oxygen. Then the medium was changed. The
fresh medium contained either 0.1 nM glucagon or I nM insulin, that is,
half maximally effective, physiological concentrations. The culture was
then continued under an atmosphere of either 16% oxygen mimicking
arterial or 8% mimicking venous tensions. The oxygen tensions were
chosen considering the decrease due to diffusion of oxygen from the
medium to the cell surface. The cells were harvested at 26 hours (PCK) or
27 hours (OK) of culture, that is, when the mRNA abundance of PCK or
GK, respectively, were maximal. The mRNA levels were quantified by
videodensitometry of Northern blots of total RNA. The maximal increase
in mRNA was set equal to 100% in each single experiment. Values are
means SCM from four independent cultures. Abbreviation nd is not
determined. As a control, a two- to threefold increase in aldolase A
mRNA by hypoxic conditions of 3% (vol/vol) oxygen was determined to
make sure that low oxygen itself did not cause an unspecific impairment of
the transcriptional machinery. (PCK, for details see reference [39—41] and
Note added in proof).
PCK and UK were induced to higher activities at periportal and
perivenous oxygen tensions, respectively [18]. Furthermore, it was
shown in 24-hour hepatocyte cultures that PCK and TAT activi-
ties were induced by glucagon within four hours to higher levels at
arterial than at perivenous oxygen tensions [38]. These findings
were corroborated by the demonstration in 24-hour hepatocyte
cultures that the glucagon-dependent increase in PCK mRNA was
higher under arterial than under venous oxygen tensions [25] and
that, conversely, the insulin-dependent increase in GK mRNA
was higher under venous than under arterial oxygen tensions (Fig.
7). The reciprocal modulation of gene expression by oxygen
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indicated that the energy production was unimpaired at the lower
oxygen concentrations. This was confirmed by the observation
that glucagon increased albumin mRNA more strongly at
perivenous than periportal oxygen tensions [251 and that unphys-
iological hypoxic conditions at 3% (vol/vol) oxygen enhanced
aldolase A mRNA by two- to threefold [39]. With the PCK gene
it was demonstrated that oxygen modulated the glucagon-stimu-
lated gene expression mainly at the level of transcription with a
maximum after 30 minutes, and then in consequence also at the
level of mRNA abundance with a maximum after two hours, and
finally also on the level of enzyme activity with a maximum after
four to six hours (Fig. 8) [25].
Oxygen sensing. Obviously, hepatocytes sense the glucagon/
insulin gradients via the respective hormone receptors. However,
it is not clear how hepatocytes could sense the oxygen tension. In
theory, an oxygen sensor regulating gene expression should
contain an oxygen binding site, such as a heme group, and a
nucleic acid binding site allowing interactions with either DNA or
mRNA. In a simple case, the sensor could he a transcription
factor, which after binding of oxygen would interact with an
oxygen regulatory element in the 5'- or 3'-flanking region of an
oxygen-modulated gene. In a more complicated case, the oxygen
sensor could he a protein kinase, an oxidase or an oxygenase
which after binding of oxygen would phosphorylate, oxidize or
hydroxylate a transcription factor, thus enabling its binding to an
oxygen regulatory element. The partition of the oxygen sensing
function and the gene regulating function between two different
proteins allows an amplification step (Fig. 9). Evidence for the
involvement of a non-respiratory ferro-heme protein as an oxygen
sensor for the modulation of PCK gene expression was obtained
(Table 2). (i) The reduced induction at perivenous 02 was
counteracted by carbon monoxide (CO), which fixes heme groups
in the oxy conformation like oxygen itself [40]. (ii) After replace-
ment of Fe2 by Co2 in heme proteins during a 24-hour
hepatocyte preculture the glucagon-dependent induction of PCK
mRNA was lowered but no longer oxygen-modulated [41]. (iii)
PCK induction was reduced but remained modulated by oxygen in
the presence of 2,4-dinitrophenol, an uncoupler of the respiratory
chain [401. Moreover, there is evidence that the oxygen sensing
heme protein could be an oxidase (Table 2) [39]. Hepatocytes
produced H202 as a function of oxygen tension and exogenously
added H202 mimicked the periportal P°2 and thus again coun-
teracted the reduced induction at perivenous P°2 This H202
action was prevented by the addition of catalase.
Oxygen responsive elements of the PCK gene. The modulation by
02 of the glucagon-dependent induction of the PCK gene appears
to take place mainly in the 5'-flanking region within the first —277
hp of the gene. Gene constructs composed of serially deleted PCK
promoter fragments and the chloramphenicol acetyltransferase
(CAT) reporter gene were induced by glucagon with modulation
by oxygen when the —2500 to +73 bp, the —490 to +73 bp and the
—277 to +73 bp PCK gene sequence was located in front of the
CAT gene, and when the —490 to +73 bp region was cloned
behind the reporter gene, but not when promoter regions smaller
A
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Fig. 8. Activation of the phosphoenolpyruvate carboxykinase gene by glucagon under arterial and venous oxygen tensions in primary rat hepatocyte cultures.
After 24 hours of culture under standard conditions with an atmosphere of 16% oxygen (vol/vol) fresh medium containing 10 nM glucagon (Ggn) was
added to the cells, which were then maintained under an atmosphere of either (•) 16% oxygen mimicking arterial or (0) 8% mimicking venous tensions.
The cells were harvested at the times indicated. The transcriptional rate (A) was determined in isolated nuclei, PCK mRNA (B) was quantified by
videodensitometry of Northern blots of total RNA, and enzyme activity (C) was determined by standard methods. Values are means SE of 4 to 6
independent cultures (for details see 1251).
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Table 2. Modulation of the glucagon-elicited induction of
phosphoenolpyruvatc carhoxykinase mRNA by oxygen in primary rat
hepatocyte cultures
Induction %
Additions Venous 02 Arterial 02
During induction
None
CO.,
H20,
H202 + catalase
Dinitrophenol'
During preculture
CoCl,' 38 8" 38 6
These experiments simulated arterial 02 by CO and H,O2. Inhibition of
the positive 0,-dependent modulation was achieved by pretreatment with
CoCl2. Unspecific inhibition was achieved by dinitrophenol. Hepatocytcs
were cultured as in Figure 7 for 24 hours at arterial 02 (16% vol/vol);
when indicated 50 j.M CoCI2 were present during this preculture period.
Medium was then changed and PCK mRNA was induced with 0.1 nM or
ai nM glucagon at arterial and venous (8% vol/vol) °2 with the additions
indicated: CO 2% vol/vol in the gas atmosphere; H2O2 50 jovl; catalase 100
.sg/ml; dinitrophenol 50 M. PCK mRNA abundance was determined at
its maximum 2 hours later. Induction was the difference between the
induced and the non-induced mRNA level. The highest induction in the
controls under 16% 02 was set equal to 100%; it corresponded to about
a 4-fold increase in mRNA. Values are means SCM of 4 to 5 independent
cultures. (For details see 139—411.)
Significant difference versus venous 0,
"Significant difference versus control without additions.
Fig. 9. Models of oxygen sensing. An oxygen
sensing system regulating gene expression
should contain an input site that binds
oxygen by, for example, a heme group, and
an output site, which interacts with nucleic
acids, either DNA or mRNA. In a simple
system the sensor would at the same time
operate as the regulator, that is, Contain the
oxygen input site and the nucleic acid
binding output site. In a more complicated,
but probably also more efficient system, the
oxygen sensor would be linked to the
regulator by one or more enzymatic steps,
thus allowing amplification. The sensor
would contain the oxygen input Site and a
transmitter site. This could he a protein
kinase, an oxidase or an oxygenase, which
would phosphorylate, oxidize or hydroxylate
the regulator at a receiver site. The
regulator would then hind or change its
binding with its output site to nucleic acids.
than —277 to +73 bp or several consecutive cyclic AMP regula-
tory elements (CREs) were positioned in front of the reporter
gene [42].
Comparison of oxygen actions on PCK and EPO gene expression.
The results of the studies on the modulation of PCK gene
activation by oxygen are in line with the findings on the regulation
of the eiythropoietin (EPO) gene, which is the prototype of an
oxygen-regulated gene in mammals. The EPO gene, in contrast to
the PCK gene, is activated by hypoxia rather than normoxia. EPO
gene expression was repressed by CO [43] and H202 [44, 45] in
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human HepG2 hepatoma cells, which would also indicate that an
oxidase is involved as an oxygen sensor. However, with the EPO
gene the oxygen-responsive element was localized in the 3'-
flanking rather than 5'-flanking region as with the PCK gene
[46—48]. The transcription factor binding to the oxygen responsive
element of the EPO gene, the so-called hypoxia-inducible factor I
(HIF1), has been identified and cloned from a human Hep3B
hepatoma cell eDNA library [49] A comparable nuclear factor
possibly binding to an oxygen-responsive element in the PCK
promoter may be induced by venous 02 tensions [50].
General importance of oxygen gradients for the zonation of gene
expression. The key role of oxygen for zonal gene expression is
further corroborated by two observations: (i) Livers of mice,
transgenic for the human EPO gene, expressed human EPO if the
animals were made anemic (hematocrit 20%); the expression was
observed only in perivenous hepatocytes [511. (ii) Livers of mice,
transgenie for a construct composed of a PCK promoter region
(—460 to +73 bp) and the bovine growth hormone (bGH) gene,
expressed bGH only in the periportal zone [52].
Conclusion. For the generation and maintenance of the zona-
tion of carbohydrate metabolizing enzymes, oxygen appears to be
a major effector. The glucagon-dependent activation of the
"periportal" PCK gene was positively and, conversely, the insulin-
dependent activation of the "perivenous" GK gene was negatively
modulated by oxygen. A heme-containing oxidase appeared to be
involved in 02 sensing with H202 serving as the intracellular
mediator.
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KIETZMANN T, ROTH U, FREIMANN S, JVNGERMANN K: Arterial oxygen
tensions reduce the insulin-dependent induction of perivenously located
glucokinase in rat hepatocyte cultures. Mimickry of arterial oxygen
tensions by H202. Biochem J (in press)
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